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Abstract
For the rehabilitation of people with spinal cord injuries, , which is 
usually applied to the motor nerves. Since the biological system of each body has its particular stimulation mode, there is 
a need to design a control model that is aimed to the specific features of a biological system, such as muscle and joint 
systems with time-varying behaviour. The control pattern should be able to identify the mechanical perturbation and 
measurement noise. In this method, controller input is the angle of the knee joint at any given time and the output of the
controller is the muscle stimulation rate. In this paper, PID and Fuzzy controllers have been initially used separately and 
then as an integrated system consisting of them both. This method has been used to enable us to compare the results. It is
proved that the integrated system is able to control the motion better and contend well with the perturbation and noise.
© 2013 Published by Elsevier B.V. Selection and/or peer review under responsibility of Asia-Pacific
Chemical, Biological & Environmental Engineering Society
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1. Introduction
The use of Functional Electrical Stimulation for diagnosis and rehabilitation is a well-known and justified 
method. Applications of this technique include the restoration of sensory functions, muscle skeletal 
functions and automatic functions which have been studied by researchers [7].Other applications could result 
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in vision and hearing rehabilitation, pain reduction, urination control and orgasm control. Most of the FES 
systems - that are used in clinical applications  utilize open-loop control systems, such as Complex Motion 
reehand System and Para step system. [2] Furthermore, open-loop control is used to strengthen 
Stroke Patients. In these patients, it is tried to move objects by using the controller [8] or for simple 
tasks [6]. In the closed-loop model of FES, controlling techniques are used to maintain the balance while 
standing and to control tilting while walking or sitting [2]. With the implementation of appropriate methods, 
t  are now qualified  to control the body system of living organisms, thanks to advanced 
mathematical models that can be simulated by specialist computer software such as MATLAB. The PID 
controller is recognised as having a simple design and robust structure, suitable for industrial systems. One of 
the best available methods in the application Ziegler-Nicholes response  method 
which itself includes both frequency and step response [1]. Using Fuzzy controller as a non-linear controller 
with static error in the output has [4] empirical evidence and is closely correlated with physiological features 
of the body. Some of other methods are neural networks  and genetic algorithms or the combination of any 
of these methods with control of PID, or Fuzzy Logic Controller [9]. In this paper, different controlling 
techniques, such as PID controller and fuzzy controller are firstly used separately to control the mechanical 
noise and perturbation of simulated systems of joint muscle. Subsequently, an integrated system of these two 
controllers is used and finally the results of each experiment are compared.  
2. Materials and Methodology 
Simulation of the muscle joint is implemented in MATLAB (use for Windows 64/R2011b). This has been 
done by the implementation of three different controllers-PID and Fuzzy controllers and the combination of 
both. 
2.1. Fuzzy Controller 
Fu  Fuzzy 
controller input, used in the first mode, is the joint angle and includes seven membership functions of the 
triangular functions. In the second mode, the derivative of the angle is considered as the input in addition to 
angle itself. The output of the controller is the generated pulse and includes nine triangular membership 
functions. After trying several membership functions, we came to realize that more accuracy is needed in this 
case. Since triangular functions possess high preciseness, they were chosen to complete the tasks. 
2.1.1. Extracting Fuzzy System Rules 
To extract fuzzy rules, the following simulink program is used. 
First, random inputs ranging from 0 to 500 are applied to the system. This input is the pulse width or 
stimulation intensity. The output of the system is the angle of the knee joint. 
 
  1.If (teta is b) then (pw is vb) (1) 
   2.If (teat is mb) then (pw is vvb)(1) 
  3.If (teta is vb) then (pw is vb)(1) 
4.if (teta is m) then (pw is b)(1) 
   5.if (teta is vs) then (pw is vss)(1) 
6.if (teta is s) then (pw is s)(1) 
  7.if (teta is ms) then (pw is vs)(1) 
Fig.1 some of the single-input fuzzy system rules 
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Figure (1) shows that the purpose of the extraction of rules and fuzzy control design is to determine the 
input of the system. Hence, in designing a controller, input and output are replaced with each other. In fact, 
this system acts as an inverse controller. In this control system, the input is the angle and the output is the 
generated pulse. For extracting rules 20 points are picked up. The next step is to screen the rules. This is done 
gradually. Finally the required rules are obtained for a fuzzy controller. Some of the extracted rules are 
illustrated in the picture below. [4, 1] 
2.2. PID Controller 
There is a block in MATLAB (simulink module) called PID Controller  where PID controller can be 
identified. Here the general form of the PID controller has been used. Figure (2) shows that In this project step 
response curve of Ziegler  Nichols method is used in order to obtain the coefficients of the PID 
controller.[4,5] 
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2.2.1. Ziegler  Nichols Method 
This method is applicable to systems that have step response. Step response is determined by two 
parameters: latency (L) and the time constant (T). 
 
Fig. 2. system response to step input 
Table 1. Ziegler-Nichols Tuning 
Type of 
controller
Sign Equation Parameter
Proportional 
 
ൌ ͳǤʹ ൈ  
 
1.2 
Integral ൌ ͳ  
 
ൌ ʹ ൈ  
 
60 
Derivative =  ൌ ͲǤͷ ൈ  
 
0.015 
And collision with the time axis, (T) is obtained. And[3,1] By drawing a tangent line to the curve at the 
turning point by drawing another tangent at the turning point and collision with steady state, (L) is achieved. 
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By applying a step input to the system and contemplating its response, the PID coefficients are obtained as 
follows: 
Table [1] shows Ziegler Nicholes tuning. In this table T and L are constant. 
T=0.03 and L==0.3 .We can obtain them from figure (2) and put them in table of equation. 
3. Results and Discussion 
The input is the knee joint angle which after entering into the loop is taken care of by a control system and 
then muscles are contracted by electrical stimulation. In this part, noise and perturbation enter the system. The 
sum of three factors- muscle moment, noise and perturbation - produce the total joint dynamics.  
3.1. Angular Momentum 
This part is implemented by the following Gaussian function: 
ൌ  ሼ ͳ
ʹ
ʹ
ሽ 
 is the knee angle, k1 is the urceolate shape curve in maximum position and k2 is the dispersion 
around k1. 
I s and if it is less than 180, the knee bends. 
K1 and K2 values are as below: k1=10, k2=0.75. 
3.1.1. Four cases are considered here: 
 Stimulation without noise and perturbation: there is no noise and perturbation and the very purpose here 
is to just track the input and the output. 
 By applying noise (measurement noise):  
Initially, the noise signal parameters are determined and then these parameters are applied to the model.  
Parameter values are selected from the random block as follows. 
The minimum value is  0.25, the maximum is 0.25, the initial value is 0 and the time sample is considered 
as 1. These parameters are applied to the system and the results are compared by either of the controllers. 
Next, this noise is applied to both controllers concurrently and the results are compared again.  
 By applying perturbation to the system: perturbation signal parameters such as amplitude, period, 
bandwidth and phase delay are determined. Then they are applied to the model.  
To apply the perturbation, a pulse generating block is used in which the pulse is of Time base type and the 
amplitude is 1, period is 30 seconds and the bandwidth is 5. The method which is applied to the system is that 
they enter the last loop after applying controllers. In the first stage, the effects of each controller are studied 
independently and then for both of them these effects are reviewed.  
 By applying both measurement noise and mechanical perturbation 
In this stage, firstly, noise and perturbation are applied to the system simultaneously and then the results 
are applied to each controller separately and eventually for both.  
3.2. Result of Controlling by PID Controller 
Considering both measurement noise and mechanical perturbation the output of the mechanical (the actual 
and target angle), RMS and PW are potted respectively in the figure (3). As it is clear from the figure (3), by 
applying noise and perturbation, control output has not been able to follow the target. PID controllers are 
more applicable in expressing the dynamic behavior of a living organism within the time domain and its rules 
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are very simple to extract, thus it is implemented more easily [5]. As we observe in Teta, the aim of real 
model is followed with more difference .The width of that has vibration between 20 to 60 unit and error of 
that is among 90 100. 
 
Fig. 3. Model output, error, pw on PID controller with respect to measurement noise and mechanical perturbation. 
3.3. Results of Controlling by Fuzzy Controller 
In the case that we have measurement noise and perturbation, the output of the model (the actual and target 
angle), RMS error and pw are plotted respectively in the figure (4). 
As it can be seen in the figure (4), the output tracked the target properly with little difference. Although 
there is a sizeable difference in this trace between the moments 5and7.The fuzzy controller applied 
independently to the system. The width of pulse is between 50-500, and the least amount of in errors is7 in 
second and the least of the time is 6second.For this reason it can follow with real model and the error of that 
receives to zero. 
 
Fig. 4. Model output, error, pw on Fuzzy controller with respect to measurement noise and mechanical perturbation 
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Fuzzy controller is based on different types of input and output. The input includes error and error 
derivation and the output is variable and is defined based on the input.  
To extract the fuzzy controller, a considerable knowledge about fuzzy rules is required. [9, 5] Instead, its 
accuracy and stability are far greater than the PID controller [3]; however, this controller cannot be useful 
alone. 
4. Solutions: 
To solve the problem and offset the missing  dynamics we use PID controller along with  fuzzy controller 
To offset the poorly modeled dynamics by fuzzy system, the combination of PID and fuzzy controller is used 
and as we will see, In Figure (5)  . This approach can dramatically reduce the error.  The combination of these 
two can show better results of settling time, RMS and a lower overshoot than in a PID controller and the 
fuzzy controller applied independently to the system. Because   PID controller  can reduce some unexpected 
error  and Fuzzy controller can reduce the other unexpected  error  separately  and hybrid  of  them has well 
result in controlling muscle joint  system . The width of that is more than PID controller but it is less than 
FUZZY case, and it is about between-10 to 100.The range of error of that is reduced between-2 to2. 
 
Fig. 5. Model output, error, pw on the hybrid-controller (PID and fuzzy single input) with respect to measurement noise and mechanical 
perturbation. 
Table 2. Comparison between different controllers 
 PID Fuzzy logic PID &Fuzzy logic
(ms) 51.23 88 101 
%OV %0 %16 %19 
RMS(error) 0.142 0.110 0.093 
 
Table [2] shows that all three controllers, namely PID controller, fuzzy controller, and the integrated 
controller (PID-Fuzzy controller) were applied to the system. And their RMS was calculated. The results 
show that the PID controller has the maximum percentage of error, the fuzzy controller has less amount of 
error and the combination of both PID and fuzzy controller has the least. 
Since the simulated model for the test has not covered effects of frustration, compared to actual model, 
there is a percentage of error accordingly that is related to muscle fatigue. [2] 
Moreover, with comparison of fuzzy and PID controller,  it can be found that the step response has a high 
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percentage of overshoot and settling time that is due to the Ziegler Nichols method which is used for PID 
controller. Meanwhile, in fuzzy controller the overshoot   and settling time are lower than that of PID [1].  
5. Conclusion 
The results show that among selected controllers investigated, the integrated controllers reveal more 
precise results of time settling, RMS error and over shoot. Therefore, it is used as a certain controller for 
muscle motions against disturbance and noise  
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